The lipopolysaccharides and free lipid A from several strains ofRhodospirillaceae were assayed comparatively with those of Enterobacteriaceae in a number of biological tests. Free lipid A's from Rhodopseudomonas gelatinosa and Rhodospirillum tenue exhibited strong serological cross-reactions with each other and with free lipid A from Salmonella. Lipid A's from Rhodopseudomonas viridis and Rhodopseudomonas palustris, although cross-reacting with each other, did not do so with either the lipid A of R. gelatinosa or R. tenue or with that of Salmonella. The presence or absence of the above cross-reactions agreed with corresponding similarities or differences in the chemical structure of the lipid A preparations. The lipopolysaccharide of R. gelatinosa was highly toxic for adrenalectomized mice and pyrogenic for rabbits; however, it exhibited no anti-complementary activity. The activity of the R. tenue lipopolysaccharide was very low in both the lethality and pyrogenicity tests. Its corresponding free lipid A also exhibited low pyrogenic activity; however, its lethal toxicity for adrenalectomized mice was considerably higher than that of the intact parent lipopolysaccharide. Both intact lipopolysaccharide and, unexpectedly, the free lipid A exhibited no anti-complementary activity. The lipopolysaccharides ofR. viridis and R. palustris were virtually nontoxic for mice and nonpyrogenic for rabbits. Both lipopolysaccharides were highly potent in their interaction with complement. They therefore represent the first example of nontoxic lipopolysaccharides exhibiting high anti-complementary activity.
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Lipopolysaccharides are macromolecular substances present on the surface of gram-negative bacteria. Of these, lipopolysaccharides of Enterobacteriaceae have been studied most extensively, and much information has been accumulated concerning their composition, structure, biosynthesis, and biological activity (21) . Up-to-date information shows that the lipopolysaccharides of Enterobacteriaceae are made up of a polysaccharide part consisting of the 0-specific polysaccharide and the basal core polysaccharide, and a ubiquitous component, lipid A (10, 21) . Chemical studies have revealed that the structure of lipid A is very similar among Enterobacteriaceae (8) . In Salmonella it is made up of a 81',6-linked D-glucosamine disaccharide carrying amide-linked D-3-hydroxytetradecanoic acid and ester-bound dodecanoic, hexadecanoic, and D-3-tetradecanoxytetradecanoic acids (13a) . The lipid A backbone is substituted by phosphate groups at positions Cl and C'4 (8, 10, 13a) .
In recent years it has been amply documented that the toxicity and generally the other biological activities associated with lipopolysaccharides are in the lipid A part of the molecule (7, 10, 13a, 22) . There is also an extensive serological cross-reactivity between free lipid A preparations derived from different enterobacterial lipopolysaccharides (6) . Due to the similarity in the structure and composition of their lipid A (8), lipopolysaccharides were found to exhibit a spectrum of biological activities that is qualitatively and quantitatively very similar among Enterobacteriaceae.
Differences identified in the lipid A of some lipopolysaccharides were not concerned with the basic structure of lipid A and did not seem to affect their biological activity to any significant extent. Lipopolysaccharides with major differences in their lipid A moiety are of particular interest for studying relationships between chemical structure and biological activity. Recent studies of lipopolysaccharides of gram-negative photosynthetic bacteria of the 408 GALANOS ET AL.
characterized by the replacement of the glucosamine-phosphate backbone by nonphosphorylated 2,3-diamino-2,3-dideoxy-n-glucose ( Fig.  1) (9, 16) . The latter sugar carries amide-linked D-3-hydroxytetradecanoic acid, whereas esterlinked fatty acids are lacking (19) .
Other Rhodospirillaceae, e.g., Rhodopseudomonas gelatinosa and Rhodospirillum tenue, do not contain diaminohexose. The structure of R. gelatinosa lipid A is similar to that of Salmonella (8, 20) ; that of R. tenue is not known at present (J. Weckesser, G. Drews, R. Indira, and H. Mayer, submitted for publication). In the present study, biological activities of lipopolysaccharides and free lipid A derived from some Rhodospirillaceae are compared with one another and with those ofSalmonella. Compared are the lethal toxicity, pyrogenicity, and complement inactivation of the respective preparations and also the serological cross-reactions among the free lipid A preparations.
MATERIALS AND METHODS
Bacterial strains, lipopolysaccharides, and lipid A. Cultivation of Rhodospirillaceae was carried out as described previously (18) . Lipopolysaccharides were obtained from R. viridis F and R. palustris 8/1 by the phenol/water isolation procedure (23) . Those from R. gelatinosa 29/2 and R. tenue 2761 and GFUy (Weckesser et al., submitted for publication) were obtained by the phenol-chloroform-petroleum ether method (5) . To increase the solubility, the preparations were electrodialyzed as described previously (3) and converted to the triethylamine salt form. The Salmonella lipopolysaccharides of S. abortus equi (S-form), S. minnesota R345 (Rb chemotype), and S. minnesota R595 (Re-chemotype) were obtained by the phenol-water method in the case of the S-form and by the phenol-chloroform-petroleum ether method in the case of the R-form lipopolysaccharides (5). For toxicity and pyrogenicity measurements, the lipid A was prepared from electrodialyzed lipopolysaccharides and converted to the sol- Preparation of immunogenic lipid A and immunization. Immunogenic lipid A on the surface of acid-treated bacterial cells was prepared as described earlier (6) . Briefly, heat-or phenol (1%)-killed bacteria were treated with acetic acid (1%, at 100°C, 120 min). This procedure led to the cleavage of the polysaccharide and the exposure of lipid A on the cell surface. The bacteria were washed three times with distilled water and lyophilized. In the case of Salmonella, the lyophilized acid-treated bacteria were coated with additional free lipid A as described earlier (6) .
New Zealand white rabbits received three intravenous injections of 0.25, 0.5 and 1.0 ml of suspension of 5 x 1010 acid-treated bacteria per ml of saline at days 1, 5, and 10, respectively. On day 15 the animals were bled by cardiac puncture; the blood was allowed to clot at 37°C for 1 h and at 40C for 24 h and was then centrifuged. The sera were decomplemented at 560C for 30 min, absorbed with sheep erythrocytes (SRBC), and stored at -20°C.
Detection and serological cross-reactivity of the anti-lipid A antibodies. Anti-lipid A antibody titers were measured by the passive hemolysis (12) of erythrocytes coated with lipid A or alkali-treated lipid A as described earlier (6), with the following modifications; the test was carried out in small hemagglutination plates using SRBC coated with alkali-treated free lipid A instead of human erythrocytes. Unless otherwise stated, 50 ug of alkalitreated free lipid A per 0.2 ml of packed SRBC was used for sensitization. To a serial dilution (1:2) of the antiserum (in 50 ,ul of Veronal buffer), lipid Acoated SRBC in Veronal buffer (50 ,ul of a 0.5% suspension) were added. To each well, guinea pig complement (25 ,ul of a 1:10 dilution in Veronal buffer) was added, the plates were incubated at 370C for 1 h, and hemolysis was measured by visual observation. The last serum dilution at which lysis still occurs represents the hemolytic titer of the antiserum.
The serological cross-reactions of a given antiserum with heterologous free lipid A preparations were determined in two ways: by the passive hemolysis test using the given antiserum and SRBC coated with the different lipid A preparations, and 0' (Roppel, thesis, 1975) Adrenalectomized animals receiving 0.2 ml of pyrogen-free distilled water intravenously served as controls. Deaths were recorded up to 24 h later, and mean lethal values (LD50) were calculated by the method of Reed and Muench (13) .
Pyrogen assay. Pyrogen assays in rabbits were performed in an air-conditioned room, using at least four animals per test. Fever responses were measured rectally by using thermistor probes connected to a recording temperature-measuring device (Hartmann und Braun, Frankfurt). Pyrogenicity of lipopolysaccharides and lipid A preparations was quantitated by determining the minimal pyrogenic dose causing a 0.6°C rise of temperature 3 h after intravenous injection (MPD-3), as described previously (7, 15, 17) .
Anti-complementary activity. The anti-complementary activity of the preparations was measured as described earlier (4).
RESULTS
Immunization of rabbits with acid-treated bacteria from R. gelatinosa 29/2, R. tenue 2761, R. viridis F, and R. palustris 8/1 led in all cases to antisera reacting specifically with the lipid A of the corresponding strain. Passive hemolysis titers ranging from 1:500 to 1:16,000 (Table 1) were obtained and are thus comparable to those obtained by immunizing rabbits with lipid A from Enterobacteriaceae under similar conditions.
The serological cross-reactions among the lipid A preparations of the above strains and with that of Salmonella are shown in Table 1 . The lipid A and anti-lipid A sera from S. minnesota R595, R. gelatinosa 29/2, and R. tenue 2761 showed high cross-reactivity. In most cases the heterologous hemolysis titers were similar to those obtained in the homologous systems. In contrast, the above lipid A preparations showed only weak cross-reactions with anti-lipid A sera from R. palustris or R. viridis. The latter strains, however, showed cross-reactions in both directions with each other.
These results were confirmed by inhibition tests ( which cross-react with each other, show a different serological specificity from the lipid A of the other Rhodospirillaceae strains and from that of Enterobacteriaceae. Biological activities. The lipopolysaccharides and lipid A preparations ofRhodospirillaceae and Salmonella strains were tested comparatively for biological activities (Table 3) . Lethal toxicity in adrenalectomized mice, pyrogenicity in rabbits, and the in vitro interaction with complement were assayed. Because of their optimal activity, where indicated, the triethylamine salt forms were used for lethality and pyrogenicity tests and the sodium salt forms were used for complement interaction (4).
R. gelatinosa lipopolysaccharide was highly toxic, with an LD50 of less than 0.01 ,g, which is comparable to those of S. abortus equi (<0.01 jig), S. minnesota R595 (0.01 ,ug), and to the free lipid A of S. minnesota R345 (0.02 u.g) (Table 3). The toxicity of lipid A of R. tenue 2761 (LD50, 7.0 jig), R. tenue GFUy (LD50, 10 pg), R. viridis (LD50, 2.5 ug), and R. palustris (LD50, 15 ug) lipopolysaccharides was considerably lower by a factor of between 500 and 7,500 compared with that of S. abortus equi. The toxicity of the lipid A from R. tenue 2761 (LD50, 0.10 jig) and R. tenue GFUy (LD50, 0.07 jig) was higher than that of their parent lipopolysaccharides by factors of 70 and 140, respectively. Both preparations were only about 20 times less toxic than the lipid A of S. minnesota R345.
The results of the pyrogenicity tests were in general agreement with those of lethal toxicity tests. The pyrogenic activity of lipopolysaccharide ofR. gelatinosa (MPD-3, <0.0001 ug) compared well with that ofS. abortus equi (MPD-3, 0.0005 ,ug) and S. minnesota R595 (MPD-3 0.0001 ,Ug), whereas the lipopolysaccharides of R. tenue 2761 (MPD-3, 0.05 jig), R. viridis (MPD-3, 10 ug), and R. palustris (MPD-3, 10 ,ug) preparations were considerably less pyrogenic. The lipid A from R. tenue 2761 (MPD-3, 0.05 ,ug), in contrast to its toxicity, showed a low pyrogenic activity, comparable to that of the parent lipopolysaccharide.
The results of complement interaction did not seem to be related in any way to those of lethal toxicity and pyrogenicity. Thus the R. gelatinosa lipopolysaccharide was completely inactive in its ability to interact with complement. The same was found to be true for the two R. tenue preparations and for the lipid A from R. tenue 2761. These preparations expressed only insignificant anti-complementary activity. A complete contrast was shown by the lipopolysaccharides from R. viridis and R. palustris. Here, interaction with complement led to an almost complete loss of hemolytic activity and was comparable in this respect with the lipopolysaccharides and lipid A from Salmonella. DISCUSSION The recent identification of 2,3-diamino-2,3-dideoxy-D-glucose (9, 16) as the backbone sugar of the lipid A moiety of two Rhodospirillaceae species, R. viridis and R. palustris (18, 19) , prompted this study on a comparison of the biological activities of lipopolysaccharides of these species with those from Salmonella and other Rhodospirillaceae containing glucosamine instead of the diaminohexose as a lipid A constituent (20) . The differences in the serological specificity of lipid A from diaminohexose-and glucosamine-containing Rhodospirillaceae were demonstrated in the cross-hemolysis and inhibition assays. There was a marked cross-reaction between lipid A of R. palustris and R. viridis, i.e., between the two species with the diaminohexose-containing lipid A. Since the respective homologous titers were higher by a factor of 5 to 10, there may be differences in the lipid A structure of the two strains. The lipid A of both preparations showed weak cross-reactions with the antisera of R. gelatinosa and R. tenue, which were absent in the reciprocal system. It is interesting that the cross-reaction of R. viridis with R. gelatinosa anti-lipid A antiserum was as high as that with the homologous antiserum. This may have been due to poor immunogenicity of the R. viridis lipid A.
R. gelatinosa lipid A was recently shown to The fact that lipopolysaccharides from R. tenue strains, although possessing a lipid A that cross-reacts with Salmonella lipid A, nevertheless show low lethal toxicity and pyrogenicity, is of special interest. The toxicity of these lipopolysaccharides seems to be cryptic; this was revealed when isolated lipid A of both strains (GFUy and 2761) were found to be 70 to 140 times more toxic than their respective parent lipopolysaccharides. The pyrogenicity of the lipid A, however, was not increased and was comparable to that of the parent lipopolysaccharides. The fact that the polysaccharide component (or an acid-labile lipid A constituent) can shield the toxicity of lipopolysaccharides has not been reported before. Usually lipid A preparations were found to be either as toxic as the lipopolysaccharides they were prepared from or somewhat less toxic due to reduced solubility and partial degradation. In this connection it seems of interest that phthalylation of the polysaccharide component of Salmonella lipopolysaccharide can mask lipid A activity (11) . This cryptic toxicity clearly needs further studies. Studies on the anti-complementary activity of the various Rhodospirillaceae preparations show that the property of interaction with complement does not correlate with the expression of toxicity. This agrees with previous findings using Salmonella and Escherichia coli lipopolysaccharides (2). Thus lipopolysaccharide of R. gelatinosa, despite its potent endotoxic activity, is inactive in its ability to interact with complement. The two R. tenue lipopolysaccharides exhibit only negligible anti-complementary activity; in this case, however, both preparations also show only weak endotoxic activity. The same is true for the lipid A preparations from R. tenue GFUy. Of particular interest are the lipopolysaccharides from R. viridis and R. palustris. Both preparations, although virtually nontoxic, interact with complement. To our knowledge this is the first example of nontoxic lipopolysaccharides exhibiting high anti-complementary activity.
The ubiquitous presence of a Salmonellatype lipid A in many gram-negative genera and families shows that lipid A is a rather preserved structure. This is also documented by our results and a previous report (8) (24) .
